Summary: An excessive accumulation of calcium in neu ronal and other tissues has been postulated to represent a "final common pathway" for cell death arising from hyp oxia-ischemia. To clarify the role of altered calcium flux into and distribution within the perinatal brain under going hypoxic-ischemic injury, 7-day postnatal rats un derwent unilateral common carotid artery ligation fol lowed by 3 h of hypoxia with 8% oxygen. This insult is known to produce brain damage confined to the cerebral hemisphere ipsilateral to the arterial occlusion in >90% of the animals. Either before or after hypoxia-ischemia, the animals received a subcutaneous injection of [45Ca]CI2, and their brains were subjected to 45Ca autora diography at 0-1, 5, 24, and 72 h, 7 or 15 days thereafter. During hypoxia-ischemia, calcium flux into the ipsilat eral cerebral hemisphere was prominent in 13 of 14 rat pups, especially in neocortex, hippocampus, striatum, and thalamus. Calcium accumulation also occurred to a variable degree (6 of 14 animals) in the contralateral cerePerinatal cerebral hypoxic-ischemic brain damage is characterized either by selective necrosis of vulnerable neurons or infarction (Rorke, 1982; Vannucci, 1985; Volpe, 1987). Regions of immature brain especially sensitive to hypoxic-ischemic in jury include the cerebral cortex, hippocampus, striatum, and thalamus as well as selected struc tures of the brainstem. Subcortical and periventri cular white matter also is vulnerable, especially in the premature infant. The severity and distribution of the neuropathologic lesions are dependent on several factors, including the nature and duration of the insult, the gestational age of the fetus or new- 
Perinatal cerebral hypoxic-ischemic brain damage is characterized either by selective necrosis of vulnerable neurons or infarction (Rorke, 1982; Vannucci, 1985; Volpe, 1987) . Regions of immature brain especially sensitive to hypoxic-ischemic in jury include the cerebral cortex, hippocampus, striatum, and thalamus as well as selected struc tures of the brainstem. Subcortical and periventri cular white matter also is vulnerable, especially in the premature infant. The severity and distribution of the neuropathologic lesions are dependent on several factors, including the nature and duration of the insult, the gestational age of the fetus or new-bral hemisphere. During recovery, radioactivity in the contralateral cerebral hemisphere was no longer ap parent, whereas in the ipsilateral hemisphere, the extent of calcium accumulation was mild in four of six at 1 h, moderate in three of six at 5 h, moderate to intense in six of seven and six of seven at 24 and 72 h, respectively, and intense in three of three and two of two animals at 7 and 15 days, respectively. As during hypoxia-ischemia, the distribution of the radioactivity was most prominent in those structures that are known to be vulnerable to hyp oxic-ischemic injury. Thus, hypoxia-ischemia is asso ciated with enhanced calcium uptake into the immature brain, which does not dissipate but rather progressively accumulates for up to 15 days of recovery. The findings implicate a disruption of intracellular calcium homeo stasis as a major factor in the evolution of perinatal hyp oxic-ischemic brain damage. Key Words: Calcium Perinatal-Hypoxia-ischemia-Brain damage.
born infant, and the presence or absence of super imposed systemic stress, e. g. , hypoglycemia, sepsis, or undernutrition (Vannucci and Plum, 1975) . Vascular and metabolic factors (intrinsic vul nerability) also play a critical role as is known to exist in adults (Brierley and Graham, 1984) .
The underlying pathogenetic mechanism(s) re sponsible for the brain damaging effect of hypoxia ischemia is not entirely understood. Experiments in adult animals suggest that hypoxia-ischemia ini tiates a cascade of metabolic events, arising from a failure of cellular oxidative processes (Siesjo, 1981; Rossmann, 1982; Raichle, 1983; Meyer et al. , 1987) . These events include a disequilibrium of transmembrane ion and fluid gradients, catabolic processes with ribosomal disaggregation, protein degradation, and the liberation of free fatty acids from membrane phospholipids. Even with recircu lation and reoxygenation of the tissue, metabolic pertubations can worsen, owing to peroxidation of free fatty acids with the formation of free radicals, an uncoupling of oxidative phosphorylation, and a lingering cellular lactacidosis; all of which enhance the process of cellular destruction.
The role of calcium as a trigger for irreversible cell injury in hypoxia-ischemia has been the sub ject of much investigation (Farber, 198 1, 1982; Siesj6, 198 1, Raichle, 1983) . During and after hyp oxia-ischemia, altered ion homeostasis and mem brane depolarization lead to a voltage-dependent influx of calcium ions into cells (Hossmann et a!., 1983; Dienel, 1984; Simon et a!., 1984; Chen et a!., 1987; Deshpande et a!. , 1987 ). An increase in cyto solic calcium, in turn, causes phospholipase activa tion with the accumulation of free fatty acids, futile cycling of ions across mitochondria, and subse quent uncoupling of oxidative phosphorylation (Siesj6, 198 1; Hossmann, 1982; Raichle, 1983) . Fur thermore, during recovery from cerebral hypoxia ischemia in adult animals, there is a period of de layed hypoperfusion that contributes further to cell injury (Levy et aI., 1979; Kogure et a!., 1980; Pul sinelli et a!., 1982) . This hypoperfusion may be re lated to calcium-induced cerebral vasospasm, in creased blood viscosity and/or platelet aggregation (Mohamed et aI., 1985; Steen et a!., 1985) . Thus, altered calcium homeostasis may represent the "final common pathway" not only for hypoxia ischemia but for other forms of acute brain damage as well (Siesj6, 1981) .
Given the proposed critical role of calcium in the pathogenesis of acute brain injury, we thought it important to ascertain the presence and extent of altered calcium homeostasis in an experimental model of perinatal cerebral hypoxia-ischemia. We chose for study the immature rat, in which brain damage can be readily produced by a combination of unilateral common carotid artery occlusion and systemic hypoxia (Rice et a!., 1981) . Calcium flux into and out of the brain was assessed with radiola beled calcium and tissue autoradiography, fol lowing the procedures of Dienel (1984) . The results indicate an enhanced uptake of calcium into the im mature brain undergoing hypoxia-ischemia, which progressively accumulates during the recovery pe riod. The findings implicate a disruption of intracel lular calcium homeostasis as a major factor in the evolution of perinatal hypoxic-ischemic brain damage.
MATERIALS AND METHODS
A preliminary study was conducted to ascertain the uptake, distribution and clearance of radioactive calcium (Ca) into, throughout, and from the normal immature brain. Ten microcuries of the radioisotope [45Ca]Cl z (sp act lO-40 mCi/mg) (Amersham, Arlington Heights, IL, U.S.A.) was diluted in 0.1 ml N NaCI and injected subcu taneously (s.c.) into 7-day postnatal rats. At 0, 1, 5, or 24 h postinjection, the animals were killed by decapitation, and blood (-0.1 mt) was obtained from the severed neck vessels. Plasma was separated from the whole blood specimens, and an exact aliquot (0.02 mt) pipetted into 1.0 ml Soluene-350 (0.5 N quaternary ammonium hy droxide in toluene, United Te chnologics Packard, Downers Grove, IL, U.S.A.) in a scintillation vial. After gentle agitation overnight, 10 ml of Dimilume-36 (United Te chnologics Packard) was added to the vial and the con tents counted in a scintillation spectrometer (Beckman LS-350, Fullerton, CA, U.S.A.) with appropriate blanks and standards. Each brain was immediately removed from its skull and a sample (50-60 mg) dissected from each cerebral hemisphere in the distribution of the middle cerebral artery (MCA). Each sample was placed in a pre weighed scintillation vial, which was reweighed to deter mine the total tissue weight. Thereafter, 1.0 ml of So luene-350 was added to the vial and the contents were agitated overnight. Dimilume-36 (10 mt) then was added to the vial and the contents were counted in parallel with the plasma samples. Other brains were frozen in liquid nitrogen at -70°C and mounted in embedding media, after which serial coronal sections were cut at a 20-f.lm thickness in a cryostat (American Optical, Buffalo, NY, U.S.A.) kept at -15°C. The cut sections were mounted on glass slides, air dried at 40°C, and subjected to autora diography for 1 week using low-dose mammography x-ray film (DuPont).
After completion of the preliminary study, a series of experiments was conducted in an animal model of peri natal hypoxic-ischemic brain damage previously devel oped in our laboratory (Rice et aI., 1981) . To produce brain damage, 7-day postnatal rat pups were anesthetized with 1 % halothane-30% oxygen-balance nitrous oxide. With the animals under anesthesia, the neck was incised in the longitudinal plane, and the right common carotid artery identified and separated from contiguous struc tures. The artery then was permanently ligated with 4-0 surgical silk and the wound sutured. On recovery from anesthesia, the rat pups were returned to their dams for 4 h, after which they were subjected to graded hypoxia by placing them in air-tight 500-ml jars partially submerged in a 37"C water bath to maintain a constant thermal envi ronment. A warmed and humidified gas mixture of 8% oxygen-92% nitrogen was delivered through the jars via intake and outlet portals. The rat pups were exposed to the hypoxic gas mixture for 3 h, after which they were allowed to recover in open jars in the water bath. The animals then were returned to their dams 15 min later, whereupon they were reared until time of additional ex perimentation. The combination of unilateral common carotid artery ligation followed by 3 h of hypoxia is known to produce overt brain damage in the form of se lective neuronal necrosis or infarction only in the cere bral hemisphere ipsilateral to the arterial occlusion (Rice et aI., 1981) . Control animals consisted of littermates ex posed to hypoxia without prior arterial ligation; hypoxia alone produces no brain damage (Rice et aI., 1981) .
To determine the extent and distribution of Ca accumu lation in immature rat brain during and after hypoxia ischemia, 40 f.lCi of [45Ca]Cl z was diluted in 0.1 ml N NaCI and injected s.c. into carotid artery ligated rat pups 10 min before the onset of 3 h of hypoxia. These animals then were killed at 0, 30, and 60 min of recovery, where upon plasma samples were obtained for scintillation counting (see above). The brains were immediately re moved from their skulls, and a wedge (20-40 mg) of tissue was obtained from the anterior aspect of the frontal lobe of each cerebral hemisphere and prepared for scin tillation counting as described above. The remainder of each brain was subjected to autoradiographic analysis.
In another group of rat pups, [45Ca]Cl z was injected within 10 min of cessation of hypoxia-ischemia, and the animals were killed at either 1, 5, 24, or 72 h of recovery. Last, five animals from a single litter were injected at 6 or 15 days of recovery and killed 24 h thereafter. Due to their larger size, these animals each received 60 and 100 !LCi of [45Ca]Cl z , respectively.
To estimate the compartmentation of radioactive Ca between extra-and intracellular fluid in brain during re covery from hypoxia-ischemia, five immature rats un derwent hypoxia-ischemia, immediately followed by the s.c. injection of 40 !LCi of [45Ca]Cl z . Tw enty-four hours later, CSF (-0.02 m!) was obtained from the cisterna magna, after which the animals were decapitated and blood obtained from the severed neck vessels. The whole blood samples then were centrifuged to separate the plasma. Tissue samples also were obtained from the ipsi lateral cerebral hemisphere (MCA territory), and all of the specimens (plasma, CSF, brain) were analyzed for 45Ca radioactivity as described above. Intracellular cal cium was calculated according to the formula:
where ICF = intracellular fluid, ECF = extracellular fluid = 20% of total brain volume (Ferguson and Wood bury, 1969) . Cisternal CSF Ca z + (dpm/ml) was consid ered equivalent to the activity in ECF (Bito and Davson, 1966) . Plasma volume = 3% of total brain volume (Bus chiazzo et aI., 1970) . Brain water content = 87% (Rice et aI., 1981) .
RESULTS

Plasma and brain uptake and clearance of calcium
To ascertain the extent to which Ca is taken up by and cleared from the immature brain, 16 7-day postnatal rats were injected s.c. with [45Ca]CI2 and killed at several intervals over the ensuing 24 h. Ca radioactivity in plasma already peaked at 1 h post injection, decreasing rapidly thereafter to a low level at 24 h (Fig. 1 ). Calcium accumulation in brain was maximal between 0 and 1 h, remained stable between 1 and 4 h, and thereafter decreased in par allel with plasma Ca. Less than 20% of the origi nally accumulated radioactivity in brain remained at 24 h.
Calcium distribution in control brain
In the present investigation, control animals con sisted of 7-day-old rats that were subjected to 3 h of hypoxia without prior unilateral common carotid artery ligation. It previously has been shown that hypoxia alone in this age animal does not result in permanent brain damage (Rice et aI., 198 1) , al though metabolic alterations do occur (Welsh et ai., 1982) . The control group comprised a total of 20 rat pups, eight of which were injected with [45Ca]CI2 immediately before hypoxia and killed on recovery 3 h later, eight of which were injected immediately after hypoxia and killed I, 5, or 24 h later, and four of which were injected 6 days after hypoxia and killed 24 hours later. The results were essentially identical in all three groups and, therefore, are de scribed collectively.
Ca accumulation in control immature rat brain occurred predominantly via the choroid plexus. At 1 h postinjection of [45Ca]CI2, radioactivity was ap parent only within the choroid plexus of the lateral ventricles as well as bilaterally and symmetrically within the periventricular regions ( Fig. 2A) . By 5 h, Ca accumulation appeared homogeneous within the brain, and no individual structures were clearly dis cernible (Fig. 2B) . By 24 h, calcium radioactivity had completely disappeared from the brain, be cause the autoradiograms were not different from sections processed from animals not receiving the isotope (Fig. 2C) . Thus, [45Ca]CI2 in control an imals was uniformly distributed throughout and promptly cleared from the brain.
Ca accumulation and distribution in hypoxic-ischemic brain
A total of 42 immature rats were subjected to ce rebral hypoxia-ischemia and their brains were ana lyzed as to the extent and distribution of Ca accu mulation. Of these, 14 animals were exposed to The rat pups were subjected to 3 hours of hypoxia with 8% oxygen without prior unilateral common carotid artery ligation, immedi ately after which they were injected with [45Ca]CI2. A: One-hour recovery: Note the radioactivity (darker areas) within the choroid plexus of both lateral ventricles and in the periventricular regions. Radioactivity also is seen within meningeal blood vessels. B: Five-hour recovery: Radioactivity is diffuse within the brain, and individual structures are not readily discernable. C: Twenty-four hour recovery: Radioactivity is no longer apparent. hypoxia, 10 min before which they received a s.c. iQiection of [45Ca]Clz. The animals then were killed within 1 h after cessation of 3 h of hypoxia. Radio activity was prominent in the cerebral hemisphere ipsilateral to the common carotid artery occlusion in 13 of 14 rat pups (Fig. 3) . In cerebral cortex, Ca accumulation took the form of columns of variable widths oriented perpendicular to the pial surface and often extending to the margin of the subcortical white matter (Fig. 3A and B) . The columns were most apparent in the territory of the MCA. The striatum and caudate nucleus showed a diffuse speckling, whereas the thalamus, hypothalamus, and hippocampus exhibited a diffuse, granular ap pearance. Specific sectors of the hippocampus were not discernible (see below). Subcortical and peri ventricular white matter exhibited a paucity of radioactivity.
In the contralateral cerebral hemisphere, 8 of 14 brains showed no increase in radioactivity over that of control specimens (see above). In the remaining six brains, Ca accumulation did occur and was especially apparent in cerebral cortex (Fig. 3A and  B) . Unlike the ipsilateral hemisphere, the distribu tion was laminar rather than columnar and involved primarily layers 5 + 6 of both the anterior and MCA territories. Two brains showed Ca accumula tion in the hippocampus, especially in the CAl and CA3 sectors (Fig. 3B) , whereas three brains exhib ited slight radioactivity within the striatum. The al terations observed in the contralateral hemisphere during hypoxia-ischemia were never encountered in control material and rarely in the brains with longer recovery intervals (see below).
Ca accumulation during hypoxia-ischemia also occurred in a selected structure of the brainstem, specifically the superior colliculus (Fig. 3C ). In 13 of 14 brains, a well-circumscribed, doughnut-like density was seen, which was confined to the colli culus ipsilateral to the common carotid artery oc clusion. No other brainstem deposits were noted.
Twenty-five immature rats were subjected to hypoxia-ischemia, immediately after which they received an iQiection of [45Ca]C12 (Figs. 4 and 5) . Of c   FIG. 3 . Distribution of [45Ca)C12 radioactivity in immature rat brain during hypoxia-ischemia. Shown are autoradiograms of coronal sections. Unilateral (right) common carotid artery ligated rat pups underwent 3 h of hypoxia with 8% oxygen before which they received an injection of [45Ca]CI2• A: Anterior coronal section shows radioactivity (darker areas) within the ipsilateral (right side) cerebral cortex and striatum. A columnar pattern of radioactivity is prominent in cerebral cortex. Contralateral radioactivity also is apparent in the anterior cerebral artery distribution of cerebral cortex, especially in layers 5 + 6; B: Posterior coronal section showing a columnar distribution of radioactivity in the ipsilateral cerebral cortex and a more laminar distribu tion in the deeper layers of the contralateral cerebral hemisphere. Radioactivity also is present in both hippocampi and in the ipsilateral thalamus and hypothalamus. C: Coronal brainstem section showing doughnut-like configuration of radioactivity within the ipsilateral superior colliculus. the total, five animals were killed at 1 h of recovery. Ca accumulation in the ipsilateral cerebral hemi sphere was variable in these animals. In cerebral cortex, mild to moderate, finely dispersed Ca de posits were localized primarily to layers 5 + 6 and rarely (one of six animals) to layer 3. Accumulation was prominent in the boundary zone between the anterior and MCA territories. Ca accumulation was not apparent in subcortical white matter but was moderate to dense in the striatum and thalamus. Stippling of variable intensity was noted in the hip pocampus. The ipsilateral superior coIIiculus showed a Ca deposit in a single animal. Ca accu mulation in the contralateral cerebral hemisphere was comparable to that of the control brains with a single exception, where moderate radioactivity was seen in layers 5 + 6 of the cortex (anterior cerebral artery distribution) and in the central area of the striatum.
As was the case at 1 h, the intensity of Ca accu mulation at 5 h was variable, with moderate radio activity in several structures of the ipsilateral cere bral hemisphere in three of six animals. In cerebral cortex, widespread speckling was noted in both the anterior and MCA territories with accentuation at the boundary zone. The intensity of the radioac tivity appeared greatest in layer 3 rather than in the previously visualized layers 5 + 6. In three an imals, Ca deposition occurred in columns oriented perpendicular to the pial surface. Strippling also was noted in the cingulate gyrus of two animals. Moderate radioactivity was apparent in striatum and thalamus. Ca accumulation in the hippocampus of three animals generally was restricted to the CAl and CA3 sectors. No discrete Ca deposits were seen in the brainstem specimens, and with a single exception, the contralateral cerebral hemispheres were comparable to those of the control animals.
At 24 h, Ca accumulation in the ipsilateral cere bral hemisphere of seven rat pups appeared more intense than seen at 1 and 5 h. In addition, Ca depo sition took on a more conglomerate than a speckled or stippled appearance. In cerebral cortex, Ca de posits were readily apparent in layer 3 and as radial columns. Conglomerate deposits also were promi nent in striatum and thalamus and tended to be ac centuated at the lateral borders of the structures. Ca accumulation generally involved all sectors of the hippocampus. A single animal showed a Ca de posit in the ipsilateral superior colliculus, whereas all of the contralateral hemispheres were equivalent to that of control brains.
Frozen sections obtained from seven brains at 72 h showed a distorted architecture, owing presum ably to the presence of cerebral edema at this in terval of recovery. Despite the artifact, widespread and relatively dense Ca accumulation was apparent in the ipsilateral cerebral hemisphere of six an imals. As in the earlier recovery periods, the most intense Ca deposition occurred in cerebral cortex, striatum, thalamus, and hippocampus with little or no radioactivity in white matter. None of the brains showed brainstem or contralateral cerebral hemi spheric Ca deposits.
To ascertain whether progressive calcium accu mulation in the hypoxic-ischemic cerebral hemi sphere occurred with increasing maturation, three and two animals were injected with [45Ca]CI2 at 7 and 15 days of recovery, respectively, and killed 1 day later. All five brains showed intense Ca accu mulation only in the ipsilateral cerebral hemi sphere, despite the fact that the hemisphere already had shrunk to one-third to one-half the size of the contralateral hemisphere (Fig. 6) . All of the pre viously described vulnerable structures exhibited Ca deposition, which was most intense in the striatum and thalamus. Thus, Ca accumulation in the damaged cerebral hemisphere is a continuing process, commencing during the actual hypoxic ischemic insult and proceeding for at least 2 weeks of recovery. This finding is consistent with the known evolution of hypoxic-ischemic brain damage in the immature rat (see below).
Intracellular Ca accumulation
To estimate the compartmentation of Ca between extra-and intracellular fluid in brain, five immature rats previously rendered hypoxic-ischemic and in jected with [45Ca]CI2 underwent analysis of plasma, cisternal CSF, and brain tissue samples as de scribed in Materials and Methods. Radioactive Ca in plasma and CSF of these rat pups averaged 1.17 X 105 and 0.94 x 105 dpm/ml, respectively. Ca in the contralateral (nonischemic) cerebral hemi sphere of the same animals averaged 1.09 x 105 dpm/g, a value near identical to those of plasma and CSF (see also Fig. 1) . A total hemispheric Ca radio activity of 1.09 x 105 dpm/g equates to: (1.09 x 105) -[(1.17 X 105 x 0.03) + (0.94 x 105 x 0.2)]
x 0.87 = 0.75 dpm/g intracellular fluid or 69% (0.75 x 105/1.09 x 105) of total hemispheric fluid. Radioactive Ca in the ipsilateral cerebral hemi sphere averaged 5.13 x 105 dpm/g, which equates to: (5.13 x 105) -[(1.17 X 105 x 0.03) + (0.94 x 105 x 0.2)] x 0.87 = 4.27 x 105 dpm/g intracel lular fluid, a value nearly fivefold greater than that of the contralateral hemisphere. Furthermore, at least 83% (4.27 x 105/5.13 x 105) of the radioactive Ca was compartmentalized to the intracellular space. Thus, at least at 24 h of recovery from hyp oxia-ischemia, the residual Ca radioactivity in the damaged cerebral hemisphere resided predomi nantly in the intracellular compartment.
DISCUSSION
The present experiments indicate that Ca accu mulation is a prominent feature of evolving hyp oxic-ischemic brain damage in the immature rat. Enhanced Ca uptake commenced during the course of hypoxia-ischemia in the cerebral hemisphere destined to undergo tissue injury, with progressive accumulation for up to 15 days of recovery. Fur thermore, the distribution of the Ca deposition was focused on those structures most vulnerable to damage, including cerebral cortex, hippocampus, striatum, and thalamus. Within individual struc tures, Ca accumulation was most intense in areas corresponding to the brunt of tissue destruction seen pathologically (Rice et aI. , 1981) . Thus, the combined laminar and radial distribution of Ca in cerebral cortex, the accentuation of arterial boundary zones, the predilection for the CAl and CA3 sectors of the hippocampus and for the periph eries of the striatum and thalamus all are entirely consistent with the histologic distribution of the le sions. The findings indicate a close spacial associa tion between altered intracellular Ca homeostasis and neuropathologic outcome.
Although the progressive accumulation of Ca in the ipsilateral cerebral hemisphere during recovery from hypoxia-ischemia undoubtedly represents a component of the tissue's reaction to injury (see below), the finding of enhanced Ca uptake into brain during the course of hypoxia-ischemia is noteworthy. Increased Ca flux not only occurred into the cerebral hemisphere ipsilateral to the common carotid artery occlusion but also into the contralateral, relatively nonischemic hemisphere. Therefore, transient Ca accumulation takes place in developing brain subjected to a degree of hypoxia- FIG. 6 . Distribution of [45Ca1C12 radioactivity in immature rat brain at 15 days of recovery from hypoxia-ischemia. Shown is an autoradiogram of a posterior coronal section o� brain. Note the intense radioactivity in the ipsilateral (right Side) ce rebral cortex, hippocampus, and especially in the thalamus.
J Cereb Blood FlolV Metab. Vol. 8, No.6, 1988 ischemia that is insufficient to produce tissue in jury. However, Ca uptake into the ischemic hemi sphere was always greater than into the contralat eral hemisphere, despite the fact that major differ ences exist in blood flow to the two structures. In a previous communication, we have demonstrated that during hypoxia-ischemia blood flows to com ponent structures of the ipsilateral cerebral hemi sphere decline to as low as 15% of respective flows to the contralateral hemisphere (Vannucci et aI. , 1988) . These low flows would severely blunt the availability of circulating [45Ca]CI2 to the ischemic hemisphere; therefore, a preferential uptake from blood into the vulnerable tissues must have oc curred. This finding is consistent with the observa tion that during hypoxia-ischemia Ca passively diffuses from the extra-to the intracellular space (Farber et aI. , 1981) , which, in turn, produces a concentration gradient between the extracellular space and blood favoring Ca entry into the tissue (Greenberg, 1987) . Once in brain, Ca efflux into the blood stream (an energy-consuming process) occurs only if the energy reserves are restored early during the recovery process. Such is not the situation for the ipsilateral cerebral hemisphere, where energy stores are not replenished after hyp oxia-ischemia (Welsh et aI. , 1982; Palmer et aI., 1988) , in which case Ca continues to accumulate in the now nonviable tissue.
The enhanced Ca uptake into both cerebral hemi spheres of immature rat brain, only one of which will ultimately be damaged by the metabolic stress, provides insight into the speCUlation that altered cellular Ca ion homeostasis is intimately related to tissue injury. In pathologic material of immature rats recovering from hypoxia-ischemia, tissue in jury is rarely seen in the cerebral hemisphere con tralateral to the common carotid artery occlusion (Rice et aI. , 1981; Vannucci, 1985; Voorhies et aI., 1986) . The accumulation of Ca in the contralateral cerebral hemisphere during the course of hypoxia ischemia and its disappearance during the early re covery phase indicate that altered cellular Ca ho meostasis and its presumed consequent metabolic disturbances is potentially a reversible process. In deed, increased Ca uptake into the contralateral hemisphere occurs in the absence of a major disruption of the energy state of the tissue (Welsh et aI., 1982) or the occurrence of cytotoxic edema (Vannucci, 1985) . Thus, alterations in cellular Ca balance appear as a critical event during hypoxia ischemia, which if severe enough and/or persistent into the recovery period is associated with overt tissue injury.
Experiments in adult animals support the notion that a disruption of Ca homeostasis in brain can be a temporary and reversible process that is not asso ciated with overt tissue injury. Using the oxalate pyroantimonate technique for the electron micro scopic visualization of intracellular Ca, showed that after allylglycine-induced status epilepticus in adult rats excess Ca accumula tion in non vulnerable neurons resolves by 60 min of recovery, whereas Ca continues to accumulate in vulnerable neurons of the hippocampus. As in status epilepticus, calcium flux into neurons also occurs during hypoxia-ischemia, which dissipates in the early recovery period (Van Reempts and Borgers, 1985) . Thereafter, a secondary "Ca over load" ensues, which is associated with neuronal necrosis, at least in the hippocampus. Indeed, Ca channel blocking agents appear most efficacious in retarding the postischemic accumulation of cyto solic Ca, which, in turn, reduces the extent of de layed neuronal injury (Van Reempts and Borgers, 1985) (see below).
The pathologic reaction of the immature brain to hypoxia-ischemia is more rapid than that of adult brain (Rice et al., 198 1) . In 7 -day postnatal rat brain, homogenizing cell change and an associated gliomesodermal reaction is seen as early as 15 h of recovery, whereas in adult rats, these stages in the evolution of damage commence at 3 days and are most prominent at 5-7 days. Germane to the present investigation is the fact that the adult brain previously damaged by hypoxia-ischemia rarely undergoes calcification of necrotic tissue (Brierley and Graham, 1984) , whereas calcification is a prominent feature of the developing brain under going injury (Frieda, 1975; Larroche, 1977; Rorke, 1982) . In independent studies from our laboratory, we have followed the evolution of hypoxic-isch emic brain damage into adulthood in the rat (Van nucci, 1985; Voorhies et aI., 1986) . As early as 7-8 days of recovery, calcification in the thalamus is seen (staining red with alizarin red and deep blue with Luxol fast blue) as evenly dispersed dust-like particles on the surface of dead neurons (ghosts). By 15 days, calcification is variable but often in tense and most conspicuous in basal ganglia, thal amus, and hippocampus but also seen in cerebral cortex. The Ca deposits range from fine particles to club-like masses outlining blood vessels and neu ronal ghosts. Such deposits are most conspicuous in areas of tissue infarction. Thereafter (23 and 35 days), the extent of Ca deposition is relatively un changed from specimens examined at 15 days of re covery. Thus, there is a continuing deposition of Ca into necrotic tissue as the reaction to injury pro ceeds; such Ca becomes incorporated into the cyto skeleton of damaged brain.
Thus, as in the adult (Van Reempts and Borgers, 1985) , alterations in Ca flux of the immature rat brain occur in two distinct phases, i.e., that which arises during the course of hypoxia-ischemia be fore the onset of neuronal destruction, and that which proceeds in parallel with the evolution of the ultimate pathologic lesion. The former alteration has been implicated as a prime initiator of those ad verse metabolic processes that culminate in tissue injury, including activation of phospholipase with the accumulation of free fatty acids and the forma tion of free radicals, which are deleterious to mem brane stability. Once structural breakdown is initi ated, Ca continues to accumulate as a component of the pathologic process. Persisting changes in tissue pH and the accumulation of other ions may predispose to mineralization, which is a frequent accompaniment to the brain damage arising from human perinatal hypoxia-ischemia or infection (Frieda, 1975; Larroche, 1977; Rorke, 1982) . The results of the present investigation impli cating a disruption of intracellular Ca homeostasis as a major factor in the evolution of perinatal hyp oxic-ischemic brain damage have importance in the clinical setting. In recent years, therapeutic agents that modify voltage-dependent Ca fluxes across the cell membrane have been used in an at tempt to reduce or ameliorate the brain-damaging effects of cardiac arrest and stroke (Greenberg, 1987; Meyer et aI., 1987) . Investigations regarding the potential benefit of Ca-channel blockers on neu rological sequelae in focal or global occlusive vas cular disease are still in progress, although experi mental studies suggest a favorable influence on out come in adult animals (Mohamed et al., 1985; Deshpande and Wieloch, 1986; Alps and Hass, 1987; Germano et aI., 1987) . In this regard, Silver stein et al. (1986) showed that pretreatment of im mature rats with the Ca-channel blocker, flunari zine, significantly reduces the extent of morpho logic lesions observed 2 weeks after cerebral hypoxia-ischemia produced in a manner identical to that reported here. Thus, Ca-channel blockers might prove efficacious in reducing or preventing the brain damage that arises from acute perinatal asphyxia. However, further animal experiments ap pear warranted before an extensive clinical drug trial is undertaken.
